We elaborate here why the antiferromagnetically ordered GdCrO3 responses in diamagnetic way under certain conditions, by monitoring the evolution of microscopic global and local magnetic phases. Using high energy E ∼ 0.3 eV neutrons, the long range ordering is inferred comprising of thermal variation of three distinct magnetic phases : G Gd ,Cy Gd ) below 7 K and an intermediate phase in the vicinity of spin-reorientation phase transition; TSRP T (H) = (20 K ≤ T ≤ 7.5 K). Although, the bulk magnetometry reveals huge negative magnetization (NM) in context of magnitude and broadness ( M−max ≥ 30 × M +max, ∆T ∼ 110 K in presence of µ0H = 100 Oe ); the long-range magnetic structure and derived ordered moments remain silent about NM. The real-space analysis of total (Bragg's + diffuse) scattering reveals the significant AFM correlations functioning up to ∼ 10Å. Accounting these short-range correlations with 'anisotropic next-nearest neighborhood interactions' model and considering the degenerate ground state of Gd 3+ comprising three distinct Ising spin interactions Ji (i = 1-3), we divulge that the unique combination of Jis governs the observance of NM in GdCrO3. The pseudo-diamagnetism in magnetically ordered systems endowing the net magnetization opposite to the applied field besides being a fascinating subject from fundamental scientific glance, has also been associated with a number of debates regarding the origin and reliability of this phenomena [1] [2] [3] . Since the hypothetical prediction of this phenomenon by Néel [4], a wide range of observations are noticed in variety of systems like ferrites, rareearth garnets, intermetallic alloys, spin chain and layered compounds [5] [6] [7] [8] [9] . Depending on the class of materials, the origin of pseudo-diamagnetism is also diverse; possible reasons include: compensation of magnetic moment at non-identical magnetic sites in ferrimagnets under the framework of molecular field theory [4, 10, 11] , the imbalance of spin and orbital moments [12, 13] , competition of single ion anisotropy with Dzyaloshinskii-Moriya coupling [2, 14, 15] and phase inhomogeneity caused by very small amount of defects [16, 17] . The perovskite ABO 3 family where the difference in magnetic ordering temperatures of A 3+ and B 3+ ionic sites is huge (T A N − T B N ≥ 100K) also represents an intriguing class of such materials. In this case, the negative magnetization (NM) is phenomenologically described by the assumption that the two nonequivalent magnetic species A 3+ and B 3+ are antiferromagnetically coupled whereas, the polarization of paramagnetic A 3+ site is induced by the internal magnetic field of magnetically ordered B 3+ ions [18] [19] [20] [21] [22] . In the present work, we aim to revisit this hypothesis and origin of NM in distorted orthorhombic perovskite GdCrO 3 . Reasons justifying it's candidature are huge magnitude of observed NM and broad temperature span ∆T ∼ 110 K in the presence of applied magnetic field µ 0 H = 100 Oe, whereas the maximum absolute NM is ∼ 30 times larger than the maximum positive moment obtained providing an ideal scenario for switching equipment. In addition, the observation of NM in GdCrO 3 also reveals the interesting dependency on choice of measuring route, manifesting different behaviours in cooling and warming cycles. The earlier belief comprising of opposite alignment of polarized para-magnetic Gd 3+ ions with respect to Cr 3+ ions is insufficient to explain the measuring path dependency of NM. The key reason for the discrepancy is the lack of understanding of microscopic magnetic structure and its transformation with respect to temperature. The presence of very high neutron absorbing natural Gd elements has been the reason so far to disregard the neutron diffraction measurements. High neutron absorption is a consequence of nuclear resonances of two Gd isotopes present in natural Gd :
The pseudo-diamagnetism in magnetically ordered systems endowing the net magnetization opposite to the applied field besides being a fascinating subject from fundamental scientific glance, has also been associated with a number of debates regarding the origin and reliability of this phenomena [1] [2] [3] . Since the hypothetical prediction of this phenomenon by Néel [4] , a wide range of observations are noticed in variety of systems like ferrites, rareearth garnets, intermetallic alloys, spin chain and layered compounds [5] [6] [7] [8] [9] . Depending on the class of materials, the origin of pseudo-diamagnetism is also diverse; possible reasons include: compensation of magnetic moment at non-identical magnetic sites in ferrimagnets under the framework of molecular field theory [4, 10, 11] , the imbalance of spin and orbital moments [12, 13] , competition of single ion anisotropy with Dzyaloshinskii-Moriya coupling [2, 14, 15] and phase inhomogeneity caused by very small amount of defects [16, 17] . The perovskite ABO 3 family where the difference in magnetic ordering temperatures of A 3+ and B 3+ ionic sites is huge (T A N − T B N ≥ 100K) also represents an intriguing class of such materials. In this case, the negative magnetization (NM) is phenomenologically described by the assumption that the two nonequivalent magnetic species A
3+
and B 3+ are antiferromagnetically coupled whereas, the polarization of paramagnetic A 3+ site is induced by the internal magnetic field of magnetically ordered B 3+ ions [18] [19] [20] [21] [22] . In the present work, we aim to revisit this hypothesis and origin of NM in distorted orthorhombic perovskite GdCrO 3 . Reasons justifying it's candidature are huge magnitude of observed NM and broad temperature span ∆T ∼ 110 K in the presence of applied magnetic field µ 0 H = 100 Oe, whereas the maximum absolute NM is ∼ 30 times larger than the maximum positive moment obtained providing an ideal scenario for switching equipment. In addition, the observation of NM in GdCrO 3 also reveals the interesting dependency on choice of measuring route, manifesting different behaviours in cooling and warming cycles. The earlier belief comprising of opposite alignment of polarized para-magnetic Gd 3+ ions with respect to Cr 3+ ions is insufficient to explain the measuring path dependency of NM. The key reason for the discrepancy is the lack of understanding of microscopic magnetic structure and its transformation with respect to temperature. The presence of very high neutron absorbing natural Gd elements has been the reason so far to disregard the neutron diffraction measurements. High neutron absorption is a consequence of nuclear resonances of two Gd isotopes present in natural Gd :
155 Gd and 157 Gd at very low energies E = 0.0281 eV and E = 0.0312 eV respectively, whereas resonance energy width being ∆E = 0.105 eV [23] . To overcome the high absorption we recorded the neutron diffraction profiles with incident neutron energy tuned to E = 0.336 eV ( λ = 0.4994Å ), a value much higher than the resonance energy width. In this present study, we aim to construct the temperature driven microscopic phase diagram and qualitatively understand the mechanism of pseudo-diamagnetism in GdCrO 3 .
Crystal structure, phase purity and valence states of chromium ions are confirmed using X-Ray Diffraction (Bruker D2 PHASER Desktop Diffractometer, CuKα, λ = 1.54Å) and X-ray photoemission spectroscopy (XPS) with Al-Kα (E = 1486.7eV) lab source. Details of sample preparation, crystallographic phase refined with respect to Rietveld generated model pattern and valence state confirmation by XPS analysis are discussed in supplementary material (SM). Magnetometric measurements are performed using commercial SQUID-VSM (MPMS-7T, Quantum Design, USA). Temperature dependent magnetization M(T) is measured in conventional zero field cooled (ZFC), field cooled cooling (FCC) and field cooled warming (FCW) protocols. Before each M(T) measurement, standard diamagnetic sample (Indium) is mounted followed by switching the superconducting magnet is into 'reset' which locally warms the superconducting electromagnet above critical temperature and as a consequence, the effective trapped magnetic field can be nullified to a value ≤ 1 Oe. The magnetic moment of indium is measured in presence of µ 0 H = 2 Oe at 10 K and the sign and magnitude of magnetic moment are used to ensure that the trapped magnetic field is positive. All the M(T) measurements are performed with 1 K/min sweep rate. Temperature dependent neutron diffraction data were collected from two axis diffractometer at D4 (Disordered materials diffractometer) [24] in ILL, Grenoble using the wavelength of 0.4994Å obtained by reflection of a Cu(220) monochromator. Although, the idea of utilizing 'hot neutrons' is remarkable for Gd containing single crystals but still any report based on powdered sample is not available in literature. The high counting rate and low background of the D4 instrument have enabled us to unambiguously determine the magnetic structures and their evolution with temperature. After calibration of the sample, the neutron diffraction intensity was normalized using a standard vanadium sample and corrected for background attenuation, multiple scattering and inelasticity (Placzek) effects. For refinement of crystal and magnetic structure FullProf software package was used. and BasIreps [25] is used for generating the irreducible representations (IR). As reported by Lynn and Seeger [23] , we used a value of 9.5 fm for the coherent neutron scattering length of Gd at 0.4994Å. The absorption correction of 0.6142 is used during the refinement procedure. For magnetic pair distribution function (mPDF) calculations, the incident λ is 0.4994Å which provides the maximum possible momentum transfer Q max = 24. Table. I. The good agreement between NPD and PXRD refined parameters indicates the reliability of neutron scattering measurements. (011), (010)/(100) and (001) reflections are prohibited in Pbnm space group and hence the intensity over these Bragg's planes are only due to magnetic scattering.
Temperature dependent magnetization curves measured in ZFC, FCC and FCW protocols in the presence of µ 0 H = 0.01 T are shown in .1(b). The interplay of various exchange interactions between three magnetic pairs Cr 3+ -Cr 3+ , Cr 3+ -Gd 3+ and Gd 3+ -Gd 3+ leads to a number of observed temperature driven magnetic orderings which are nomenclatured as follows: (i) T N = 170 K; attributed to ordering of chromium sub-lattices in canted antiferromagnetic structure, (ii) T bif urcation = 160 K; assigned with the change of the sign in slope of three magnetization curves, FCC moments start to drop whereas, FCW and ZFC moments tend to increase (iii) T comp = 130 K; at which the magnetic moment becomes fully compensated in FCC mode (iv) T M = 20 K; attributed to sharp change in moment values (v) T ZF C = 7 K assigned to the change in slope of magnetization curve in ZFC cycle only. NM is observed only in FCC cycle indicating towards dependence of magnetization on the path or history in a particular measurements. In the previous reports this behavior is explained on the basis that the total moment in this system is a superposition of chromium moment and paramagnetic moment of Gd 3+ ions which can be written as a function of Chromium moment and the effective magnetic field H e on Gd site, as follows;
where the positive and negative signs hold for warming and cooling cycles, respectively [22] . Although, this hypothesis is in good agreement with experimentally measured magnetic susceptibility but it is difficult to understand why the sign of internal field of chromium sublattice on Gd site depends on measuring route and consequently rising mutually opposite alignment of Gd 3+ ions with respect to chromium ions.
In RCrO 3 family, the crystallographic and magnetic unit cells are identical, i.e., magnetic structure can be generated by k = 0 propagation vector. Chromium atoms are at 4b Wyckoff positions where the atomic coordinates of these atoms are ( 4 ), respectively and the inversion centre1 at the point (0,0,0). It should be noted that2 z =2 x .2 y and henceforth is not considered as an independent symmetry element. For the sake of convenience, the linear combinations of spin vectors S j (j = 1-4) which transform into themselves under the operation of symmetry elements defined as:
form the basis vectors [26, 27] . The definite transformation properties are called a representation. The representation analysis studied by Bertaut et al., [26] helps to assign the irreducible representations of the space group to known magnetic structures. If we consider the chromium (4b) cites, the operator1 does not change anything because these cites are center of inversion symmetry. Thus the representations are generated only with2 x and2 y symmetry operators. The four possible combinations are denoted as Γ i (i = 1,2,3 and 4) following the notations of Miller and Love [28] and corresponding basis vectors belonging to same representations are listed in Table. II. In case of Gd (4c) cites, all the three independent symmetry elements are effective and therefore there are total 8 irreducible representations, comprising the additional four representations denoted as Γ j (j= 5-8) along with the Cr moment representations Γ i (i = 1-4)s. We have used the program BasIreps to calculate the atomic components of basis vectors in each irreducible representations. The transformation properties of these representations and value of these components (moments) are listed in Table II. The moments of chromium and gadolinium atoms are represented as (u,v,w) and (l,m,n), respectively. The reducible representation belonging to chromium 4b cites can be written as the linear combinations of irreducible matrices Γ i s:
The magnetic structure is modelled with respect to the Rietveld refined patterns using FullProf. It is observed that the magnetic structure below T N can be generated with k=0 propagation vector and Γ 4 or G x A y F z configuration as shown in Fig. 2(a) . The configuration G x A y F z is observed to be the most reliable enhancement in magnetic intensity is observed corresponding to (010) m + (100) m doublet and (001) m Bragg's plane (Fig. 2(d) ). Based on the calculations of Shamir et al; [29] the appearance of (010) m + (100) m doublet is attributed to the ordering of Gd 3+ moments. The magnetic structure below 6 K is generated with ordering of chromium ionic cites (4b) in Γ 2 configuration along with Gd 3+ (4c) ordering in Γ 2 configuration as shown in Fig. 2(d) . The spin arrangements in both Γ 2 and Γ 4 is are illustrated in Figs.3(a) and (b) . In Γ 4 (G x A y F z ), the magnetic moments of nearest neighboring Cr cites along x a direction follow G-type ordering, Atype arrangement along y b and ferromagnetic ordering along z c direction, resulting an uncompensated weak moment along z direction. Similarly, in Γ 2 ( F x , C y , G z ), x a components of magnetic moment order in ferromagnetic configuration henceforth an uncompensated moment along x crystallographic axis. In the temperature regime of 6 K ≤ T ≤ 20 K the direction of uncompensated spins reorient from z c axis (20 K ) to x a axis (6 K) forming a spin reorientation phase transition (SRPT). Now onwards, we shall denote the unidentified magnetic transitions T M and T ZF C as T SRP T and T Gd respectively. It is noteworthy that no crystal or magnetic structural modification is observed across T bif urcation and T comp and thus we infer that origin of magnetization reversal is not associated with magnetic phase transitions.
The variation of components of magnetic moment along different crystallographic direction obtained from Rietveld refinement is shown in Fig.3(c) . The component of chromium magnetic moment along z direction is very small in Γ 4 phase and moment confines in a-b plane only. The evolution of magnetic moments along x and y axes across T bif urcation and T comp is almost opposite to each other indicating an in-plane rotation of magnetic 1 moment from a x to b y axis. All the three moments reveal a significant drop in absolute moment value in vicinity of T Gd and the moment values again start to enhance when the system is completely transformed into Γ 2 phase below T Gd as shown in respective insets in Fig. 3(c) . The one dimensional temperature driven phase diagram along with variation of total moment at chromium and gadolinium cites are shown in Fig.  3(d) . The net magnetic moment of Gd 3+ ionic sites is although sensitive to the transitions temperatures T comp and T bif urcation , it is negative only for T Gd ≤ T≤ 40 K and not for the entire negative moment regime described by bulk magnetization results. It reveals that ordered magnetic moment does not make a significant contribution to the pseudo-diamagnetism phenomenon.
As the average long-range structure does not indicate towards the NM, we aim to look for the nano-scale short range correlations. We compute the real space correlation functions or magnetic pair distribution functions (mPDF) by Fourier transforming the total magnetic scattering intensity into real space as shown in Fig.4(a) . The mPDF technique is sensitive to short-range correlations as the diffuse scattering is also accounted besides the Bragg's scattering [30, 31] . Typically, a particular peak position in mPDF corresponds to pair seperation distance, slope of linear baseline depends on the spin orientation, the sign of peak attributes the nature of ordering and the peak height is the function of components aligned perpendicular to connecting axis joining them provided the rotational symmetry is invariant. The contribution to the mPDF due to a pair of spins S i and S j separated by a distance r ij is given as
where C is correlated with spin quantum number, Θ is Heavside step function, A ij and B ij are correlation coefficients determined by the alignment of spins, generally positive for ferromagnetic type alignment and negative for antiferromagnetic arrangement [30] . To investigate the correlations between short scale interactions and negative magnetization, we have calculated mPDF for difference diffraction patterns with reference to two base lines, one at 190 K which is above Neél temperature and second at 20 K (T SRP T ). The first two features (I and II) correspond to exchange interactions between chromium -gadolinium 6 first and 12 second nearest neighboring pairs (NN and NNN) respectively. The third peak (III) arising because of convoluted effects of both Gd-Gd and Cr-Cr NN interactions, is well defined and demonstrates strong antiferromagnetic coupling. Similarly, the peak IV originating because of Gd -Cr NNN exchange interaction is also prominent but indicates towards ferromagnetic ordering. The fifth peak V is attributed to Cr-Gd third nearest neighbour interaction (NNNN) which is ferromagnetic in nature but intensity is reduced as a factor of 1/r. The sixth and seventh features VI and VII arise due to chromium and gadolinium third nearest neighboring (NNNN) interactions respectively. The eight and ninth features represent the Gd-Gd interactions mediated via Cr atoms. The corresponding atomic distances are illustrated in Fig.4(b) .
Analysing the mPDF for two different types of spins is ambiguous and hence here we will consider the correlations in disordered Gd 3+ spins only. In the NM regime, there is significant local Gd 3+ -Gd 3+ 3-D antiferromagnetic interactions ranging upto three nearest neighbors (NNNN) or upto ∼ 10Å, even though the long range structure of Gd is paramagnetic. The intensity of these Gd-Gd correlation peaks varies in the proportionally with the coordination number. Just below T SRP T , when the magnetization flips to become positive in FCC cycle, the intensity corresponding to second and third nearest neighbor interaction of Gd 3+ significantly drops following the regular 1/r behavior as we move towards higher r values, suggesting that the local Gd 3+ correlations now cease. Based on these observations, the local Gd 3+ structure can be postulated as comprising of three types of Ising spin chains with NN interaction J 1 , NNN interaction J 2 and NNNN interaction J 3 . The Hamiltonian of this system can be written with help of anisotropic next nearest neighbor interaction(ANNNI) model [32] as follows;
where S i are the atomic spins at each Gd 3+ atomic site, z 1 , z 2 and z 3 are the co-ordination numbers for NN, NNN and NNNN exchange interactions respectively. Considering the model the magnetic moment on an individual Gd 3+ site can be expressed as:
where Θ is the Curie temperature of Gd atoms. The total observable bulk magnetization which is the sum of Gd 3+ moments associated with local and global magnetic orderings plus the net magnetization of chromium sublattices is as follows :
For a degenerate ground state of Gd atoms imposed by local frustration, the signs of exchange interactions J i (i = 1-3) can be functions of previous state or the (H,T) point where the measurement is initiated. Henceforth, the total magnetization can become negative in one cycle and positive in another. The magnetic moment in both cycles is matched with equation (4) (4) and (b). Two unique antiferromagnetic combinations of signs of exchange interactions (-+ -) and (+ -+) provide the most reliable agreement with the experimental results recorded in warming and cooling cycles respectively.
In summary, we have constructed the temperature driven magnetic phase diagram and discussed the origin of negative magnetization (NM) in GdCrO 3 by utilizing the high energy λ = 0.4994Å neutrons to overcome the huge absorption of natural Gd ions. Unambiguously, three distinct magnetic phase transformations are observed : chromium moments ordering in G x A y F z with uncompensated moment along z c direction below Neél temperature T N = 171 K, rotation of chromium weak ferromagnetic moments along x a crystallographic direction comprising F x , C y , G z spin configuration and Gd moments ordering in C y , G z configuration below T Gd = 7 K. In the vicinity of spin reorientation phase transition (SRPT) [20 K ≤ T ≤ 7.5 K], an intermediate mixed spin configuration is observed. Unexpectedly, no significant changes in long range magnetic structure is observed across T compensation and T bif urcation suggesting that NM is not associated with long range magnetic phase transformations. Short range Gd 3+ correlation functions derived by mPDF calculations reveal the significant AFM correlations up to third nearest neighbor distance or ∼ 10Å, which cease below T SRP T . Based on these observations, we have modelled the system with anisotropic next nearest neighbor interaction (ANNNI) approach, considering the degenerate ground state of Gd 3+ ions comprising three types of Ising spin interactions (J i , i = 1-3). Good agreement between theoretically generated and experimental magnetic susceptibility is observed for two unique combinations of J i ( i = 1-3), (-, +, -) and (+, -, +) depending on two different measurements route, cooling and warming respectively which explains the path dependency of NM in GdCrO 3 .
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